Background and objectives Glycated hemoglobin (HbA 1c ) is used to diagnose diabetes mellitus (DM) and guide its management. The association between higher HbA 1c and progression to ESRD and mortality has been demonstrated in populations with DM. This study examined the association between HbA 1c and these end points in a population with CKD and without DM.
Introduction
Glycated hemoglobin (HbA 1c ) is a form of hemoglobin that is measured primarily to identify the average plasma glucose concentration over prolonged periods of time (from the last 4 weeks to 3 months) (1, 2) . In patients with diabetes mellitus (DM), higher concentrations indicate poorer control of blood glucose levels. HbA 1c has been associated with the risk of cardiovascular disease, diabetic nephropathy, and retinopathy (3) (4) (5) (6) . It has been used as a central tool in management of DM. It has been also used as a diagnostic test for DM since the American Diabetes Association issued its 2010 guidelines (5) . A 6.5% threshold has been designated as diagnostic. This threshold is also reported to predict the future risk of kidney disease and retinopathy in patients with diabetes (7); however, the authors of this study were unable to demonstrate the presence of a so-called glycemic threshold for the development of such complications. They did find that elevated values of HbA 1c were associated with a higher risk of CKD, even in the absence of a DM diagnosis. They also observed an association between high nondiabetic HbA 1c values and a higher risk of coronary heart disease, stroke, and death from any cause (6) and described the association between mortality and HbA 1c as a J-shaped curve, with a higher hazard ratio (HR) of death for HbA 1c ,5% and .5.5%. Another study observed more complex coronary artery lesions for the highest HbA 1c values in the nondiabetic range (8) .
On the other hand, it has recently been demonstrated that CKD, even without DM, is associated with worse cardiovascular and nonvascular mortality (9) . The risk of death after myocardial infarction in people with CKD without DM was similar to or higher than the risk for those with DM without CKD. The authors concluded that CKD is a specific risk factor that identifies people at higher risk of future coronary events or death.
The objective of our study was to determine whether and how HbA 1c values are associated with ESRD or death in patients with CKD without known DM.
Materials and Methods

Study Population
The NephroTest study is an ongoing prospective hospital-based cohort, enrolling adults who are .18 years with any diagnosis of CKD stages 1-5, not pregnant, and neither on dialysis nor living with a kidney transplant (10) . Three nephrology departments recruited these patients, who undergo extensive annual work-ups, including measured GFR (mGFR), in the hospitals' physiology departments. Between January 2000 and December 2010, 1835 patients were enrolled. After exclusion of 121 patients lost to follow-up, 43 patients with missing baseline measurements of HbA 1c , and 506 patients with diabetes defined by a diagnosis of DM in their medical history, use of an antidiabetic treatment, fasting plasma glucose $126 mg/dl (7 mmol/l), or HbA 1c $6.5% at the enrollment visit, this analysis covered 1165 patients ( Figure 1 ). All patients signed written informed consents before inclusion in the cohort. The NephroTest study followed the Declaration of Helsinki and was approved by an ethics committee (Direction génér-ale pour la recherche et l'innovation Comité consultatif sur le traitement de l'information en matière de recherche dans le domaine de la santé).
Measurement
We measured HbA 1c at each participant's enrollment and follow-up visit, chromatographically, with the Variant II Hemoglobin Testing System (BioRad). GFR was measured by 51 Cr-EDTA renal clearance at enrollment and each visit. Briefly, 1.8-3.5 MBq of 51 Cr-EDTA (GE Healthcare, Velizy, France) was injected intravenously as a single bolus. An hour was allowed for distribution of the tracer in the extracellular fluid, and then the average renal 51 Cr-EDTA clearance was determined for five to six consecutive 30-minute clearance periods (11, 12) .
Definitions and Outcome
We used the established definition of CKD with mGFR, according to the Kidney Disease Outcomes Quality Initiative. CKD stage 1 is defined by kidney damage, including proteinuria and/or hematuria, and GFR.90 ml/min per 1.73 m 2 , CKD stage 2 is defined by kidney damage and GFR between 60 and 89 ml/min per 1.73 m 2 , CKD stage 3 is defined by GFR from 30 to 59 ml/min per 1.73 m 2 , CKD stage 4 is defined by GFR from 15 to 29 ml/min per 1.73 m 2 , and CKD stage 5 is defined by GFR,15 ml/min per 1.73 m 2 or need for dialysis (13).
Patients were passively followed-up through December 31, 2010. ESRD defined by dialysis or preemptive kidney transplantation was identified either from medical records or through linkage with the national Ramipril Efficacy In Nephropathy registry of dialysis and transplantation. Vital status was ascertained by linkage with the national death registry. All survival data were right-censored on December 31, 2010, or to the date of last visit for patients not identified in registries.
Statistical Analyses
Baseline clinical and laboratory data were expressed as percentages, means6SDs, or medians (interquartile range [IQR]), as appropriate. They were also described by tertiles of HbA 1c : continuous variables were compared with the Wilcoxon test, and categorical variables were compared with the chi-squared or Fisher exact test.
We performed Cox regression models to estimate crude and adjusted cause-specific HRs and 95% confidence intervals for both pre-ESRD mortality and ESRD associated with HbA 1c levels, with the lowest tertiles as the reference category. In each of these models, the competing events were treated as censored observations. The cause-specific approach has indeed been shown to be the most suitable to account for competing risks of concurrent events for etiologic studies (14) . For the analysis of ESRD outcome, 63 patients with mGFR at ,15 ml/min per 1.73 m 2 at inclusion were excluded. For mortality, crude and adjusted HRs were also estimated with HbA 1c treated continuously. Finally, association between HbA 1c levels and risk of overall mortality was also studied using Cox regression models. Adjustment covariates were similar in all analyses: demographic characteristics (age, sex, ethnicity), center, and baseline mGFR. Traditional risk factors for CKD progression or death were also similar in all analyses: body mass index (BMI), high BP (.140/90 mmHg), history of cardiovascular disease, smoking, angiotensin-converting enzyme inhibitor (ACEi) or antireceptor blocker (ARB) treatment, log proteinuria, and low albuminemia (,3.5 g/dl). We tested the proportional-hazard assumption with Schoenfeld residuals against time for each covariate. Because it was not satisfied for mGFR in the cause-specific Cox model for ESRD, we stratified rather than adjusted for the baseline mGFR level, using six classes of mGFR (15-20, 20-30, 30-40 , 40-50, 50-60, .60 ml/min per 1.73m 2 ).
Finally, mortality analyses were repeated after exclusion of patients who developed diabetes during follow-up. To account for changes in HbA 1c over time, we also estimated pre-ESRD and overall mortality associated with cumulative moving mean of HbA 1c (further referred to as updated mean) (3) using time-dependent Cox models. The following adjustment variables were updated at each visit: mGFR, high BP, ACEi or ARB treatment, log proteinuria, and low albuminemia. When data were missing, we used the last available observation. Statistical analyses were performed with SAS version 9.3 (SAS Institute, Cary, NC) and R 3.0 (R Foundation for Statistical Computing, Vienna, Austria).
Results
Baseline Characteristics of the Study Cohort
The mean age of participants at entry was 56.5616.0 years, and the mean mGFR was 42.4619.9 ml/min per 1.73 m 2 (Table 1) . Most patients were in CKD stages 3A (21.5%), 3B (28.2%), or 4 (25.8%), with 19.1% in stages 1-2 and only 5.4% in stage 5. In our study population, HbA 1c values ranged from 3.4% to 6.4%, with a mean of 5.5%60.5% and a median of 5.5 (IQR, 5.2-5.8). Patients with higher values of HbA 1c were older and had a higher prevalence of cardiovascular disease history, BMI, systolic BP, fasting glycemia and uricemia, and prevalence of vascular nephropathy. Inversely, they had lower proteinuria (Table 1 ). Of note, there was no significant association with ethnicity, sex, LDL cholesterol level, hemoglobin, renal function, or serum albumin.
Follow-Up
The median follow-up was 3.48 years (IQR, 1.94-5.82) for the competing events of ESRD and pre-ESRD mortality and 4.17 years (IQR, 2.27-6.97) for overall mortality. Out of 1165 patients at baseline, 675 underwent at least a second visit, and 490 were only passively followed-up on ( Figure 1 ). In the former, the median time between the first and last visits was 2.98 years (IQR, 1.93-4.95), and the mean number of visits was 3.762.0. Of the patients, 72 of them developed DM over time.
ESRD and Mortality
Among the 1165 cohort patients included in this analysis, 109 (9.4%) had died by the end of the follow-up period, 72 (6.1%) of them before reaching ESRD. HbA 1c was significantly associated with both overall mortality and pre-ESRD mortality (log-rank test, P=0.002 and P=0.01, respectively) ( Figure 2) , with survival lowest in the highest tertile (HbA 1c between 5.7% and 6.4%). The HRs for overall mortality and pre-ESRD mortality by baseline HbA 1c are shown in Table 2 . Adjustment for mGFR did not modify the crude association. After adjustment for confounders (see Supplemental Table 1 for HR), higher HbA 1c was still associated with a significantly higher risk of overall mortality and pre-ESRD mortality.
After exclusion of the 72 patients who developed DM during follow-up, HbA 1c remained significantly associated with both overall mortality and pre-ESRD mortality whether treated continuously or in tertiles (Table 3) . Finally, in timedependent Cox models adjusted for updated mGFR and other covariates, including log proteinuria, associations with the updated mean of HbA 1c were attenuated, but remained statistically significant for pre-ESRD mortality in the highest versus the lowest tertile. Additional adjustment for erythropoiesis-stimulating agents (ESAs) did not significantly modify our results, with the HRs of pre-ESRD mortality in HbA 1c tertiles 3 and 2 versus tertile 1 as 2.18 (IQR, 1.10-4.33) and 1.39 (IQR, 0.66-2.92), respectively (P for trend, 0.02).
We analyzed renal survival in 1102 patients with CKD stages 1-4. At the end of follow-up, 162 patients (14.7%) had reached ESRD. We observed a significantly lower risk of ESRD in patients with intermediate baseline HbA 1c values (between 5.3% and 5.6%) in the univariate analysis and after adjustment for mGFR ( Figure 3 , Table 4 ). However, the difference was no longer significant after adjustment for the following risk factors for CKD progression: age, sex, BMI, ethnicity, log proteinuria, BP, smoking status, previous cardiovascular event, or ACEi or ARB treatment.
Discussion
In this observational study, we have demonstrated that HbA 1c in nondiabetic CKD patients is significantly and independently associated with patient survival. The HbA 1c value was also associated with better renal survival. However, this latter finding was not confirmed after adjustment for the most common variables. To our knowledge, this is the first study of the predictive value of HbA 1c in a cohort of nondiabetic CKD patients.
The HbA 1c values in our population, previously reported, are interesting per se. It has been reported that in the United States, among those without a diagnosis of DM, .2.4 million have an HbA 1c value .6.5% and 7 million have an HbA 1c value .6.0% (15) . For the purpose of the study, we applied a strict definition of nondiabetic patients, excluding patients with HbA 1c values $6.5%. Our findings show that patients with CKD with an HbA 1c value .5.7% have a higher risk of death than patients with lower values, even after adjustment for other risk factors and independently of baseline fasting glucose levels. This 5.7% threshold is consistent with the prediabetes status defined by the American Diabetes Association (16) . These findings are consistent with those already reported in the general population of the United States (6), in a study in which the authors determined that these patients were also at higher risk for coronary heart disease and stroke. Moreover, they demonstrated that risk reclassification for coronary heart disease was improved by the inclusion of HbA 1c in adjusted models. On the other hand, Chonchol and colleagues did not find any significant relation between HbA 1c and survival in nondiabetic older adults, but mortality was higher with patients with an abnormal response to glycemic load, defining prediabetes (17).
Tonelli et al. have explored the relative roles of DM and CKD in cardiovascular and all-cause mortality (9) . One major conclusion was that CKD could be added to the list of criteria defining people at highest risk of future coronary events, in view of the finding that the rates of hospital admission for myocardial infarction and the risk of death after this event in people with CKD without diabetes were similar to or higher than rates in those with diabetes without CKD.
We note that all previous studies have based their CKD classification on a single determination of serum creatinine value, which might have resulted in the incorrect classification of some participants. Because such misclassification would tend to underestimate the risk associated with CKD, the potential value of using kidney disease as a risk equivalent might be higher than suggested. For instance, the study reporting that HbA 1c predicts a higher risk of future CKD was on the basis of a single creatinine serum assay several years after the HbA 1c measurement (7) . Moreover, an analysis on the basis of a single creatinine value could be biased by the confounding inherent in the fact that weight and age are both determinants of serum creatinine and established risk factors for cardiovascular disease. One major strength of our study is that we have used the direct measurement of GFR, which is the best available definition for the diagnosis and classification of CKD, and did it repeatedly.
Another end point we sought to explore was the risk of CKD progression according to HbA 1c values. A crude analysis of the data using ESRD as the end point showed that a better prognosis was associated with intermediate HbA 1c values. This result suggests a J-shaped relation between the HbA 1c value and ESRD risk, like those already described for the HbA 1c values for predicting the risk of death in the general population (6) and in diabetic populations with or without CKD (3, 4) . Although the cause for this J-shape is unclear, one may speculate that the patients in the lower HbA 1c may have partial undernutrition, a recognized factor for progression to ESRD. At the other end of the curve, the patients in the highest tertile may experience nephrotoxicity related to that observed in diabetic nephropathy. In the latter, the exact cause of the development of renal lesions is unknown, but various mechanisms have been postulated, including hyperglycemia (causing hyperfiltration and renal injury), kidney hypoxia, advanced glycosylation products, activation of cytokines, protein kinase C, and oxidative stress. Few studies have examined the association of , race (black/other), urinary protein/creatinine ratio (log), elevated BP (.140/90 mmHg), history of cardiovascular disease (yes or no), smoking status (current smoker, former smoker, or never smoker), angiotensin-converting enzyme inhibitor or antireceptor blocker treatment, and serum albumin (.3.5 g/dl or ,3.5 g/dl).
HbA 1c with incident kidney disease in the absence of recognized DM. It has been previously demonstrated that there is an independent association between HbA 1c and risk of CKD in individuals with DM even in the absence of albuminuria (18) . However, the question addressed in our study is different because our patients already had CKD that was not related to DM. We acknowledge that this association was no longer statistically significant when the standard confounding factors for CKD progression were included in the analysis. This might be explained by the specificity of our population, who entered the study with CKD, mostly stages 3 or 4. The presence of another nephropathy may also explain the negative outcome in the long term. We might speculate that a kidney already impaired as a result of another cause could be more sensitive to the impaired glucose metabolism demonstrated by higher HbA 1c values. In our study, patients with prediabetes diagnosed on HbA 1c value have a higher risk of death compared with patients with an HbA 1c value ,5.7% . This observation may lead to the proposition to follow and/or even to propose to treat preemptively CKD patients with high HbA 1c values. Several studies demonstrated the benefit of an intervention in prediabetes to prevent DM. Lifestyle intervention, metformin, glitazone, acarbose, or bariatric surgery were all associated with the reduction of DM outcome (19-23). However, in all of these studies, the mean BMI was .30 (and most were .34), whereas this value is 26 for the patients in the highest HbA 1c tertile in this study. Moreover, most oral diabetes medications should not be used in case of impaired renal function. Of note, the use of valsartan in the Nateglinide and Valsartan in Impaired Glucose Tolerance Outcomes Research trial (24) reduced incidence of DM, and ramipril increased regression to normoglycemia in patients with impaired glucose tolerance in the Diabetes Reduction Assessment with Ramipril and Rosiglitazone Medication Trial (25) . However, none of the studies were able to show a reduction of cardiovascular events. Therefore, if these observations suggest the potential usefulness of ACEi or ARB treatment in patients with HbA 1c between 5.7 and 6.4, no studies in prediabetes patients have demonstrated an effect on mortality.
This study has some limitations. First, in patients with ESRD, HbA 1c is known to underestimate blood glucose control, mainly because of the modification of hemoglobin turnover and its carbamylation as a result of uremia (26) (27) (28) (29) (30) . Hence some authors recommend using glycated albumin or fructosamine to assess glycemic control in patients with diabetes with renal failure (31) (32) (33) . Unfortunately, these biomarkers were not available in our cohort. However, most patients in our cohort have moderate CKD, and HbA 1c could be considered as an accurate biomarker. Second, we included in the analysis patients receiving ESA; however, it has been suggested that its use might modify the value of HbA 1c . We must emphasize that only 64 patients in the cohort received ESA at inclusion. Additional adjustment for ESA did not significantly modified our results. Furthermore, the modification of the HbA 1c value in patients with ESA is still debated, especially in steady state. Indeed once the Hb levels are stabilized, it is unlikely that there is a significant variation of HbA 1c according to ESA use. Third, the high percentage of patients with only baseline measurements may have limited our analyses using time-dependent covariates in Cox models. Finally, because this is an observational study, we cannot exclude the possibility of residual confounding by unmeasured risk factors such as physical activity.
Strengths of this study include the large sample, the availability of both fasting glucose and HbA 1c measurements, the rigorous measurement of potentially confounding factors, and the prospective follow-up of participants with high retention (.90%).
In summary, in patients with CKD without diabetes, HbA 1c is independently associated with patient survival and in some instance with CKD progression to ESRD. HbA 1c , even ,6.5%, should be therefore added to the risk factors for negative outcomes in CKD populations. Other studies are necessary to better understand the mechanisms of this outcome. (,19, 20-24, 25-29, $30) , race (black/other), urinary protein/creatinine ratio (log), elevated BP (.140/90 mmHg), history of cardiovascular disease (yes or no), smoking status (current smoker, former smoker, or never smoker), angiotensin-converting enzyme inhibitor or antireceptor blocker treatment, and serum albumin (.3.5 g/dl or ,3.5 g/dl).
